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SUMMARY 
Multi-junction, variable bandgap cascade solar cells offer the potential of 
achieving significantly higher conversion efficiencies than single junction 
cells and are therefore attractive candidates for future terrestrial and space 
applicaeions. This paper reports on the successful fabrication of high effi- 
ciency cascade solar cells in the Al-Ga-As system. 
INTRODUCTION 
Stacking two or more photovoltaic junctions in electrical and optical 
series results in higher conversion efficiency since each junction can be 
tailored to respond more efficiently to a smaller range of photon energies. An 
efficiency of about 30% has been predicted for a two junction cascade cell hav- 
ing the optimum bandgap values (1,2) a 
A number of 111-V materials systems are currently being considered for use 
in fabricating cascade solar cells ( 3 ) .  The Al-Ga-As system ( 4 )  is attractive 
from a developmental standpoint since it employs a proven materials system that 
is closely lattice matched throughout its compositional range. This system 
(figure 1) employs a GaAs low bandgap cell and 1.9 eVrAIGaAs high bandgap cell 
connected by an AlGaAs tunnel junction. Although this cell does not posses the 
optimum bandgap values, an efficiency of 25% is predicted at 300°K under AMO, 
1 sun illumination. 
Experimental and Results 
The cascade cell shown in figure 1 is a seven-layer structure epitaxially 
grown on a GaAs substrate (n=1018cm’-3) a 
A10,35Gaoe65As junctions which are electrically connected by an A1oe35Gao.65As 
tunnel junction. 
SEN measurements. 
thickness of each layer. Beryllium was chosen as the p -dopant for the window 
layers of both junctions because of its l o w  vapor pressure, necessary for the 
multiwell LPE growth technique. Also higher doping concentrations can be more 
easily achieved in high bandgap AlGaAs with Be. 
electrical properties of Be-doped AlGaAs have been reported elsewhere (5). 
It consists of two diffused GaAs and 
Junction depths are in the 0.5 to 1 pm range as determined by 
Table 1 shows the composition, dopin6 concentration and 
Doping characteristics and 
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Several problems are assoc ia ted  with using B e  as an.impurity. F i r s t ,  i t  i s  
a tox ic  material and several precautions have t o  be considered i n  i t s  handling. 
Second, because i t  is very reactive successfu l  use of B e  is  l imi ted  t o  LPE 
systems t h a t  are completely oxygen f r ee .  The t h i r d  problem i s  i ts  very high 
d i s t r i b u t i o n  coe f f i c i en t ;  thus very s m a l l  amounts on the  order of micrograms 
are used i n  t h e  LPE m e l t s .  
For A 1  G a  A s  i n  t h e  d i r e c t  bandgap region (0 < x < 0.37) it is very hard 
t o  achieve z o p k $  concentrations lower than t h e  mid 10l8 range when using Be .  
However, f o r  x > 0.5 doping concentrations i n  t h e  high 1017cm'3 and low 1018cmm3 
regions can be rou t ine ly  achieved (5). Thus, as shown i n  Table I, t h e  
A 1  G a  A s  window l aye r ,  which is  used as a source f o r  B e  d i f fus ion  i n t o  the  
G a s  $;&tion, w a s  chosen such t h a t  x = 0.7. This then allowed the  carrier con- 
cen t r a t ion  i n  t h e  p-side of t h e  G a A s  junc t ion  t o  be l imi ted  t o  t h e  high 1017cm-3 
range, thereby maintaining a good e l ec t ron  d i f fus ion  length. 
Junctions formed by B e  d i f fus ion  i n  A 1  G a  A s  (0 < x < 0.37) grown on G a A s  
subs t r a t e s  have been characterized by excelSfen&-Electrical p roper t ies  as shown 
i n  f i g u r e  2 f o r  A10,35Ga0,65As. '  Open c i r c u i t  vo l tages  i n  the  1 t o  1 . 3  V range 
have been obtained both a t  AM0 and AM2 at  1 sun. The b e s t  f i l l  f a c t o r s  have 
var ied  from 0.8 t o  0.84. Short c i r c u i t  cur ren t  d e n s i t i e s  at-AM0 have var ied  
from 8 t o  13 mA/cm2 (based on active device area) without an a n t i r e f l e c t i o n  
coating. This cell  had an AMO, 1 sun e f f i c i ency  of 210% without an an t i r e f l ec -  
t i o n  coating. 
without an a n t i r e f l e c t i o n  coating. A quantum e f f i c i ency  up t o  about 0.7 indi-  
cates exce l len t  cur ren t  c o l l e c t i o n  f o r  t h i s  high bandgap cell.  
have been obtained by minimizing t h e  window l aye r  thickness and optimizing the  
j unction depth . 
Figure 3 shows t h e  quantum e f f i c i ency  of an A10 ,3Ga0 ,7As  ce l l  
These r e s u l t s  
+ The A l G a A s  tunnel junc t ions  have been fabr ica ted  using G e  and T e  as the  p 
and n dopants, respec t ive ly  ( 6 ) .  Both impur i t ies  have the  low d i f fus ion  co- 
e f f i c i e n t s  i n  G a A s  and A l G a A s  as required f o r  abrupt tunnel junc t ion  formation. 
Several d i f f i c u l t i e s  have r e su l t ed  from t h e  use of T e  i n  the  tunnel junction. 
Tellurium tends t o  form compounds (7) both with G a  and A 1  such as A12Te3, GaTe, 
etc. These compounds form p r e c i p i t a t e s  t h a t  create and propagate lat t ice de- 
f e c t s  i n  the  top AlGaAs  cell.  Although the  phase diagram of the  Al-Ga-As-Te 
quaternary a l loy  has not been studied, growth a t  temperatures above 900'6 has 
been found t o  eliminate t h e  formation of these  unwanted compounds. However, 
t h i s  temperature is too high t o  obta in  the  necessary abrupt doping p r o f i l e  f o r  
t h e  tunnel junction. This d i f f i c u l t y  w a s  s i g n i f i c a n t l y  reduced i n  t h e  present 
study by performing t h e  growths a t  800°C according t o  the  following procedure 
( 8 ) .  
cooled t o  room temperature before t h e  addi t ion  of T e  and A 1  t o  the  m e l t .  Upon 
reheating t o  the  deposit ion temperature of 800°C and performing t h e  growth, a 
smooth, specular A l G a A s  e p i t a x i a l  l aye r  w a s  obtained. A poss ib le  explanation i s  
t h a t  when t h e  prebaked (sa tura ted)  G a A s  m e l t  is  quenched t o  room temperature, ' 
G a A s  c r y s t a l l i t e s  are formed. These s o l i d  c r y s t a l l i t e s  i n  the  m e l t  may act as 
nucleation sites f o r  t h e  T e  compounds during the  process of m e l t  s a t u r a t i o n  a t  
800'C. 
t r a p  most of t h e  T e  compound t h a t  w i l l  otherwise d i s t u r b  the  e p i t a x i a l  l ayer .  
Defects propagated i n t o  the  top A l G a A s  junc t ion  from t h e  tunnel junc t ion  have 
Gallium and G a A s  w e r e  f i r s t  baked together a t  900'C two hours and then 
It appears t h a t  t h e  G a A s  c r y s t a l l i t e s  are of s u f f i c i e n t  concentration t o  
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been f u r t h e r  reduced through the  use  of a r a t h e r  t h i c k  n-AlGaAs l aye r  separa t ing  
the  two s t ruc tu res .  
The terminal I-V c h a r a c t e r i s t i c  of a complete cascade cel l  cons is t ing  of 
an AlGaAs  top ce l l  and connecting junc t ion  and a GaAs bottom ce l l  is shown i n  
f i g u r e  4. 
t a ined  under 1 sun, AM0 i l lumination. Short c i r c u i t  cu r ren t  d e n s i t i e s  up t o  12  
and 13  mA/cm2 (based on active device a rea)  have been obtained a t  AM1 and AMO, 
respec t ive ly ,  without a n t i r e f l e c t i o n  coatings.  This has been achieved by c lose  
matching of t h e  cu r ren t s  generated by each cel l  (each ce l l  absorbs one ha l f  of 
t h e  s o l a r  spectrum). 
reported f o r  t h e  b e s t  G a A s  single-junction s o l a r  cell.  The b e s t  cascade celfC 
fabr ica ted  t o  d a t e  had e f f i c i ency  values of 15.2% a t  AM0 and 16.4% a t  AM1 with- 
ou t  AR coating and 19.5% a t  AM0 and 21% when corrected f o r  l o s ses  due t o  sur face  
re f lec tance .  
f i g u r e  5. 
G a A s  junc t ion  starts t o  c u t  off due t o  photon absorption by the  tunnel junc t ion  
and t h e  AlGaAs  junction. 
power conversion e f f i c i e n c i e s .  
Open c i r c u i t  vo l tages  i n  t h e  range of 1.9 t o  2.15 V have been ob- 
These cur ren t  d e n s i t i e s  are equal t o  one ha l f  of t he  J 
The s p e c t r a l  response of t h e  t o t a l  cascade s t r u c t u r e  is shown i n  
The d ip  between 0.65 and 0.7 pm occurs a t  the  wavelength where the  
A f l a t  response is  desired f o r  maximum quantum and 
A t  high concentrations ( ~ 3 0  suns) t he  tunnel j unc t ion  starts t o  show some 
undesirable e f f e c t s  depending ofi i ts  abruptness and bandgap. 
tance and i n  some cases non-ohmic behavior have been observed. This has re- 
s u l t e d  i n  a poor f i l l  f a c t o r  and a drop i n  e f f i c i ency  of t h e  t o t a l  s t ruc tu re .  
In  cases when a high-quality tunnel junc t ion  is  present between t h e  two c e l l s ,  
a negative r e s i s t ance  region is observed i n  the  I-V c h a r a c t e r i s t i c s  shown i n  
f i g u r e  6. 
cen t r a t ion  has  exceeded t h e  peak cur ren t  va lue  ( I  ) of the  AlGaAs  tunnel junc- 
High series resis- 
H e r e  t h e  sho r t - c i r cu i t  cu r ren t  dens i ty  r e s u l t i n g  from high s o l a r  con- 
t i o n  (8). P 
CONCLUSION 
High e f f i c i ency  AlGaAs/GaAs cascade s o l a r  cells have been fabr ica ted .  The 
conditions f o r  cur ren t  matching between the  junc t ions  have been m e t  by optimie- 
ing  t h e  c e l l  parameters i n  t h i s  s t ruc tu re .  E f f i c i enc ie s  of 15.2% at  AM0 and 
16.4% a t  AM1 have been achieved without AR coating which.corresponds t o  19.5% 
a t  AM0 and 21% a t  AM1 when cor rec t ions  f o r  r e f l ec t ance  lo s ses  are included. 
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Table I. Composition, Doping Level and Thickness of Each Layer 
a1a5% Thickness (urn) Layer n P 
n-GaAs 1017 
1x10l8 (Be) 
~ 5 x 1 0 ~ ~  (Ge) 
+ 
+ 
p -AlGaAs (window) 
n+-AlGaAs ~ 5 x 1 0 ~ ~  (Te) 
p -AlGaAs 
n-AlGaAs 1017 
4 
0.5 
0.4 
0.4 
5 
70 
35 
35 
35 
'+-AlGaAs (window) 2x10 (Be) 0.2 90 
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Figure 1. Structure of AlGaAs/GaAs Cascade Solar Cell 
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Figure 2. V-I Characteristics for 
AlGaAs Top Cell at AMO, 1 sun 
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Figure 4 .  V-I Characteristics for AlGaAs/GaAs. 
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Figure  5. S p e c t r a l  Response of A l G a A s / G a A s  
Cascade So la r  C e l l  
F igu re  6. E f f e c t  of AlGaAs  Tunnel Junc t ion  on the Characteristics of 
AlGaAs/GaAs Cascade S o l a r  C e l l  a t  30 suns  AM0 
Scale:  0.5 V/div Hor i zon ta l  
0 .1  mA/div Vertical 
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